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INTRODUCTION 
At least two properties of red blood cells from patients with sickle cell ane- 
mia (S-S)  are known to depend on the oxygen tension in the cell suspension. 
These are  the shape  (1),  and the sodium and potassium content (2)  of the 
cells. Evidence from several sources, recently reviewed by Itano (3), indicates 
that the characteristic metamorphosis from biconcave disk to "sickle" which 
S-S red cells undergo in the absence of O~ is due to the intracellular paracrys- 
tallization of relatively insoluble sickle ferrohemoglobin. The physicochemical 
explanation of the loss of K  and gain of Na  which these cells  also display 
when deoxygenated is, at present, obscure. The experiments described in this 
report are part of an attempt m  clarify that problem. 
The results of the present experiments are interpreted to indicate (1)  that 
anoxia accelerates the  unidirectional K  influx as well as the outflux  (meas- 
ured with K s) in S-S red cells, (2) that this acceleration of K  transport is due 
to the process of sickl~ug, and (3) that sickling increases K  fluxes both by ac- 
celeration  of the  presumed  carrier  process  by  which  K  normally gets  into 
human red cells, and by the opening of pathways through which K  moves by 
free diffusion under the existing electrochemical potential gradient. 
Metkods 
1. Experimental S~jects.--The experiments were done on red cells obtained from 
five patients with S-S, one with sickle-hemoglobin C disease (S-C), one  with sickle 
cell trait (S-A), two with congenital hemolytic icterus  (CHI), and six normal  sub- 
jects. The abbreviations  were chosen to indicate the hemoglobin composition of the 
different types of red cell. Of the five patients with S-S, all but one were women of 
ages ranging from 16 to 33, while the one male was aged 32. The S-C patient was a 
woman aged 42, the S-A patient a young woman aged 32, the patients with CHI 
were women aged 25 and 50, while the normal group comprised five men and one 
woman all in their twenties or thirties. All the S-S patients were anemic (hemoglobin 
6 to 8 gin./100  ml. blood) with reticulocytosis (3 to 30 per cent),  and hyperbil- 
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irubinemia  (1.5  to 6 rag. per cent). The paper electrophoretic pattern t of the hemo- 
globin of the five S-S patients revealed that more than 95 per cent of the hemoglobin 
had the mobility of sickle hemoglobin. The S-C patient had 45 per cent sickle hemo- 
globin and 55 per cent hemoglobin C. The S-A patient had 45 per cent sickle hemo- 
globin and 35 per cent normal hemoglobin. 
The experiments described in the tables were done on the following subjects: 
Table II, T.S.  (S-A); Table III, F.M.S.  (normal),  S.Ja (S-S); Table V, S.Ja  and 
V.R. (S-S),  E.B. and S.A. (CHI); Table IV, S.Jy (S-S); Table VII S.Ja (S-S). 
2.  Experimental  Procedure.--Blood,  usually  100  ml., was drawn from the ante- 
cubital vein of the subject into a flask containing 1 rag. heparin/10 ml. blood. Sterile 
conditions were maintained throughout the experiment. Two parts of this sterile blood 
were diluted with three parts of a  bicarbonate-Ringer's solution identical with that 
used by Raker d  a/. (4). The composition of this medium was as follows:-- 
Cstions  M.eq./liter  Anions  M.eq./liter 
Na  132.6  CI  108.2 
K  4.4  HCOs  28.0 
Mg  2.0  HPO~-H2PO~  3.8 
Ca  1.0 
Glucose  ....................  22.2 raM/liter 
pH ........................  7.5 in 5 per cent CO2 
In most of the experiments  in which the K  concentration of the medium was in- 
creased e.g. Fig. 5, the total osmolarity was kept constant by omitting Na.  About 
100  ml.  aliquots  of the  resultant  approximately  10  per  cent  cell  suspension  were 
incubated in large flasks in a  conventional circular Warburg apparatus  water bath 
at 37.0  4- 0.1°C.  For 1 hour each flask was gassed with either 95 per cent  02:5 per 
cent CO2 or 95  per cent N~:5 per cent  C02 and  shaken  at  110 strokes/minute  to 
ensure  equilibration  with  the gas phase,  after  which shaking was continued  at 20 
strokes/minute.  In early experiments,  in which the changes in K  transport  during 
the  1st hour of sickling were under  scrutiny,  a  tracer amount of  K 42  (usually ca. 
0.14 inc./100 nd.  cell  suspension)  was added at  the start  of the equilibration  with 
N2. In later experiments in which the aim was comparison of K  transport in sickled 
and unsickled cells under various conditions,  K e  was added after gas equilibration. 
Samples of the cell suspension  were taken from the flask at intervals by removing 
the flask in its holder from the water bath, tipping,  and allowing the cell suspension 
to flow out of the stopcock at one end  of the flask.  The flask was regassed after re- 
moval of every sample to ensure constancy of composition of the gas phase. Samples 
were treated as follows:-- 
1.  Approximately 5  to 6  ml.  of the  whole cell  suspension  were  (a)  mixed  with 
30 rag. solid NaF for measurement of glucose and lactate content (3 hal.),  (b)  taken 
under oil for determination of pH (2 ml.), and (c) pipetted into 2 ml. of a 10 per cent 
solution of formalin in 0.9 per cent saline for microscopy (1  to 2 drops). 
2.  Approximately 15 ml. of the cell suspension were poured  into a flask contain- 
ing a  tracer amount of Ira-labelled human serum albumin (lISA). The gas phase  of 
both  the  formalin  and  1131 flasks  was  the  same  as  that  of  the  reaction  flask. 
x Kindly  measured  by  Dr.  Helen  Ranney,  Department  of Medicine,  Columbia 
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The amount of free 1  la in various batches of the 11sI HSA received from Abbott was 
found to be somewhat variable so that before use in later experiments it was dialyzed 
against sterile  isotonic saline  in the cold for at least 24 hours.  After 2  minutes of 
vigorous manual shaking with the I m  HSA, aliquots of whole cell  suspension, me- 
dium, and cells were taken for analysis of K ~, I ~l,  Na,  K, C1, and, in the case of 
cells only, H~O. Medium was obtained by centrifuging 3 ml. of whole cell suspension 
at 800 g for 5 minutes. Cells were collected by pouring 10 mL of whole cell suspen- 
sion into the separator  head of an air-driven centrifuge  (of the type described by 
Parpart  and Ballantine  (5)),  which packed the cells  with a  force of 20,000  g. The 
radioactive medium thrown out of the separator centrifuge was collected in a lucite 
trough and  discarded.  The usual  elapsed  time between  removal of cell  suspension 
from reaction flask and completion of separation of cells was about 5 minutes. The 
top layer of cells including most of the white cells was discarded,  the remainder of 
the packed cell column stirred thoroughly with a glass rod, and samples taken with 
a  syringe pipette calibrated to contain. Whereas the cell population of S-S cells in- 
cubated in N2 (sickled)  appeared to be uniform with respect to K  content and trans- 
port, both S-S cells in O2, and normal cells in O2 or N~, seemed to consist of a heavier 
fraction at the bottom of the centrifuge tube containing about 10 to 20 per cent less 
K  with a  K  transport rate about 20 per cent higher than in a  lighter cell fraction 
at the top of the tube. 
3.  Analytical  Procedures,--In  the early experiments,  K ~  radioactivity was meas- 
ured on 0.18 nd. samples dried on a planchet and counted with an end-window G-M 
tube, and I ~31 on liquid samples in a  Texaco tube. In later work, both K 4~ and 1  I~ 
were measured in 3  ml. liquid samples with a  thorium-activated,  NaI crystal,  the 
scintillations of which were detected with a photomultiplier tube. Separate measure- 
ment  of  both  isotopes  in  the  same  sample  was  achieved  by  counting  once 
immediately after  the experiment and  again  1 week later,  at which time virtually 
all the K °  (half-life  ffi 12.4 hours) had decayed. C1  ~, when used, was also measured 
with  the  scintillation  counter.  In general,  the standard  error of the counting rate 
was kept  to within  ~1  per  cent. 
K  and Na concentrations in dilutions of medium, whole cell suspension, and ceils 
were measured with a barrier layer cell flame photometer using 30 n~ Li either as 
the sulfate or the nitrate  as an internal  standard.  Our flame photometric measure- 
ments were accurate to  ±2 per cent. Chlorides were estimated with a modification 
of the Van Slyke and Hiller (6) method, pH was measured with a  Cambridge glass 
electrode with the sample sealed from the ambient air by mercury. Lactate was de 
termined by the manometric procedure of Avery and Hastings  (7).  This method is 
not entirely specific for lactate,  since Avery and Hastings showed that acetoacetate 
and  pyruvate  are  also  measured  by  the procedure.  However,  it  does  provide  an 
adequate rough measure of total cell glycolysis. In a  few later experiments, lactate 
was determined by the procedure of Barker and Summerson (8).  Glucose was meas- 
ured by the ceric sulfate titration method of Miller and Van Slyke (9). 
Cell water content was estimated by weighing a cell sample before and after dry- 
ing for more than  24 hours in an oven at  ll0°C.  Hematocrit readings were deter- 
mined in constant bore capillary tubes spun in the air-driven centrifuge at 20,000  g 
for 5 or more minutes. All analyses save those for pH and cell water were done in 
duplicate. 34  EFFECTS  OF  SICKLING  ON  ION  TRANSPORT.  I 
Estimation by microscopy of the percentage of cells in the suspension which were 
sickled  was never wholly satisfactory due  to  the great variability in  shape of S-S 
red  cells  in  Nz.  An  attempt  was  made  to  classify  the  cells  into  three  groups: 
(1) Normal, (2) sickle, (3) abnormal shape but not typical sickle; e.g., "holly wreath" 
forms. 
4.  Analysis  of Da~a.--All analyses of packed cells were corrected for trapped  me- 
dium,  and for changes in cell volume when they occurred during the course of the 
experiment.  In  correcting  packed  cell  water  content  for  trapped  medium,  it  was 
assumed that the water content of the extracellular phase was 93 per cent (w/v). 
When the system remained in the steady state with respect to K, the flux of potas- 
sium in raM/  (liters RBC)  X  (hours)  was calculated  in  the manner first described 
by Sheppard and Martin  (10). 
0.693  K,K,,(I -- 7) 
KP  =  T  X  "?Ke -}- K~(1 -- ~)'  (1) 
in which T  is the half-time for exchange of K e  between cells and  medium, K, and 
K,  are the concentrations of K  per original liter of cells and  medium, and 7  is the 
hematocrit  reading.  T  was obtained  graphically  by plott/ng 
X~__ and/or X~ -- X, 
X,  X~  X, 
K e  .  c.P.l. 
against time, in which X  is the specific activity, --  m  --  subscripts  are  c  for 
K  m.eq.' 
cells and m  for medium, superscript n  indicates the time after addition  of K ~, and 
X, is the whole cell suspension or equilibrium specific activity. 
When  the system was in  the unsteady  state with respect to K, ~  and ~,.o, the 
K  influx and outflux  in mM/(liters RBC)  X  (hours),  were calculated as follows:-- 
,  ~t  x,  °  (2) 
Kp-~  Xm-  X~ 
-  --  (3)  dt 
#K~ 2  ~rK~ 
dt  and  -~- were obtained graphically from the slope of the plot of K~ and  K, 
against time. This method is most reliable when X, is a  small fraction of X~, and 
transfer of tag from cells to medium is small. 
RESULTS 
The  results  are  described  in  five  sections:  (1)  experiments  defining  some 
unusual  properties of S-S cells which  affect all the other results,  notably  the 
effect of sickling  on  the  mount  of medium  trapped  by packed  cells and  on 
the  water  content  of the  cells;  (2)  experiments  which  describe  the  effect  of 
anoxia on K  transport  in S-S,  S-C, and S-A cells;  (3)  studies  relating altered 
K  transport  to the production  of sickling in anoxic S-S cells;  (4)  experiments D.  C.  TOSTESON~ E.  CARLSEN~ AND  E.  T.  DUNHAM  35 
which suggest that sickling affects K  transport primarily by altering the cell 
surface rather than the ceil interior; and (5)  attempts at characterization of 
the physicochemical processes responsible for K  transport in the sickled cell. 
(1)  Trapped  Medium and  Water Content of Packed Cells.- 
The data summarized in Table I  show that three times as much medium 
was trapped in packed S-S red cells when in the sickled (N2) rather than in 
the unsiekled (03)  form. The difference was evident no matter whether the 
fraction of trapped medium was measured with I m HSA as usual, or with K e 
in the cold (3°C.)  when K  influx is very low. Confirmatory evidence was ob- 
tained with cesium  ~87 which penetrates red cells very slowly. The trapping of 
TABLE I 
Trapped Medium and Water Content of Human Red Cells 
Cell type 
S-S 
C~ 
S-A 
CHI 
*t 
Normal 
Gas phsse 
per cent 
95 Os:5 COs 
95 N2: 5 COz 
95 02:5 CO2 
95 N2: 5 CO2 
95 02: 5 CO2 
95 Ns:5 COs 
Fraction of trapped medium 
rag. trapped medium 
ml. packed RBC 
i m 
0.036 s.~. 0.003 
O. 106 s.x. 0.004 
0.015 s.~. 0.003 
0.01-0.09 
0.032 sy-, 0.004 
0.040 s.E. 0.002 
95 02:5 COs 
95 Ns:5 CO2 
0.010 
0,012 
K4~ (cold)  Csm 
0.054 
0.139  0.118 
0.046  0.033 
0.030 
Cell I~O 
gin. H~O 
gin. RB¢ 
0.616 S.E. 0.014 
0.622 S.E. 0.003 
0.660 S.E. 0.002 
0.671 S.X. 0.004 
0.591 S.E. 0.005 
0. 595 s.E. 0.002 
0.648 S.E. 0.004 
O. 660 S.E.O. 005 
medium in packed normal and CHI red cells  was the same in the presence 
and absence of oxygen. 
Table I  also shows that the water content (corrected for trapped medium) 
of both sickled and unsickled S-S red cells was the same. This observation is 
not consistent with the prediction of Perutz and Mitchison (11)  that sickling 
would be associated with the loss of 20 per cent of the cell water. 
(2)  The Effect of Anoxia on  K  Transport in Red Cells.-- 
(a) Sickle  Cell Anemia Red Cells.--S-S  cells  incubated in 02 remained ap- 
proximately in the steady state with respect to K  (right side of Fig. 1). Both 
influx and outflux equalled about 2 rn~/ (liters RBC)  ×  (hours). In our ex- 
perimental system, normal human red cells  have a  similar K  transport rate 
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This behavior was not characteristic of anoxic S-S cells.  The left-hand side 
of Fig. 1 shows that immediately after exposure of S-S red cells to N2, K  out- 
flux became very high resulting in a rapid net loss of K  from the cells.  During 
this period most of the cells in the suspension were changing from the bicono 
cave disk to the sickle shape (see table at top of Fig.  1). After the 2nd hour 
in N~, K  outflux fell to a value only slightly above influx and net K  loss pro- 
ceeded more slowly thereafter. During this phase, a  large and relatively con- 
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FIG.  1.  The above graphs  summarize  measurements of K  transport in  the red 
cells of subject V.R.  at 37°C. In both graphs upper solid line indicates  Ko, the K 
content of that number of cells which at the start of the experiment occupied 1 liter, 
lower solid line indicates  K,, the K  content of 1 liter medium  on the left ordinate, 
n~K 
the  upper  broken  line  denotes  outflux,  in  (liters  RBC)X (hours) and  the  lower 
broken line indicates  influx in the same units on the right ordinate, all expressed as 
a function of time in hours on the abscissa. In the experiment described in the left- 
hand graph,  the cell suspension  was  equilibrated  with 95 per cent N2:5  per cent 
CO2 starting at time 0, while on the right, the experiment was done in 95 per cent 
02:5 per cent CO2. 
stant  fraction of the  cells  (90 per cent)  were abnormally shaped.  The slow 
increase in truly sickled forms shown in Fig.  1 was slower than usual since 
most S-S cell populations were 80 per cent sickled in 2 hours (see Fig. 3). 
After 48 hours in N~, the concentration of K  in S-S cells was still not equal 
to that of the medium. The system was usually at isotopic equilibrium (spe- 
cific activities of cells and medium equal) within 24 hours. The fact that the 
specific activities of cell and medium K  did become equal within experimental 
error indicates that all of the K  in the sickled cell is free to exchange with ex- 
ternal K. This was also true of unsickled S-S cells and has previously been 
shown to be true for normal human red cells (4,  10,  12). Results essentialhr D.  C.  TOSTESON'~  E.  CARLSEN~  AND  E.  T.  DUNHAM  37 
similar to those shown above for one subject with sickle cell anemia were ob- 
tained in a  total of twenty-two experiments on the blood of four individuals 
with the disease. 
(b) Sickle-Hemoblogin C Cdls.--When incubated in O~, S-C cell K  remained 
in the steady state with a  K  flux of 2 m~/  (liters RBC)  X  (hours).  Fig.  2 
shows that net K  loss with accelerated influx and outflux occurred in the de- 
90~  I  I  !  I  I  I  I  I 
60 
TO 
14 
12 
60  I0 
K¢ 
Kc  i kp 
~o  ~ 
I  -  _  INFLUX  . 
0  2  4  6  8  I0  12  14  16  18 
TIME  IN  HOURS 
FIG. 2.  K  transport in sickle-hemoglobin C  cells in nitrogen. The above graph 
summarizes  an experiment done at 37°C. in 95 per cent N~:5 per cent COs on the 
red cells of subject E.J., who has sickle-hemoglobin C disease. Solid triangle indicates 
mM 
K~ in (original liters RBC) on the left ordinate.  Open  circle  indicates  outflux,  and 
mM K 
solid circle denotes influx,  in  (original liters RBC) X  (hours)' on the  right  ordinate 
all plotted as a function of time in hours on the abscissa. At time 0 the cell suspension 
was equilibrated with 95 per cent N2:3 per cent CO2. 
oxygenated sickled red cells of this subject. K  influx was somewhat less than 
for the usual population of S-S cells. 
(c) Sickle Cell Trait Cells.--The experiments summarized in Table II show 
that K  transport in S-A cells was independent of 02 both at pH ?.6 where al- 
most no sickling occurred, and at pH 7.2 where about 60 per cent of the cells 
sickled after 8 hours in N~. This contrasts strikingly with S-S cells which in- 
variably show considerable K  loss and increased K  fluxes when comparably 
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(3)  The  Relation  between Abnormal  K  Transport  and  Sickling  in  Anoxic  S-S 
Cells.-- 
(a)  The Effect of Plasma on K  Transport in Normal and S-S Cells.--In order 
to investigate the possibility that the net K  loss and accelerated K  influx and 
outflux observed in S-S ceils in N2 were due to a  plasma factor, K  transport in 
S-S and normal red cells was studied in the presence and absence of plasma. 
TABLE II 
K  Transport  in  Sickle Cell Trait  Cells 
Gas phase 
per cent 
95 Os:5 CO2 
95 N2:5 COs 
95 Os:5 COs 
95 Ns:5 COs 
pH 
7.60 
7.55 
7.23 
7.24 
Morphology at 8  hrs. 
Per cent 
N 
80 
80 
95 
20 
Per cent 
A 
20 
20 
Per cent 
s 
0 
60 
Ko  Km 
m.eq.  ra.eq. 
liters RBC  liters  medium 
93.4  4.45 
91.3  4.22 
89.3  5.16 
90.3  5.19 
K flux 
(liters RBC) 
X (hrs.) 
1.75 
1.51 
1.55 
1.62 
N indicates cells of normal shape, A, cells of abnormal shape (e.g., "holly wreath" form), 
and S, cells of sickle shape. 
TABLE HI 
Effevt of Plasma on K  Transport in S-S and Normal Red Cells 
Subject 
S-S 
st 
Normal 
~c 
,4 
(Plasma)m 
V 
V 
ca. 0.5 
<0.1 
ca. 0.5 
<0.1 
ca. 0.5 
<0.i 
Gas phase 
Per cent 
95 N~:5 COs 
95 Ns:5 COs 
,g  ,C 
95 Os:5 C02 
,g  gC 
Morphology 
Percent 
3 
I0 
I00 
i00 
i00 
i00 
Pe  ~nt  Per  mt 
K flux 
mM 
(liters RBC) 
× (krs.) 
7.54 
5.70 
2.48 
2.02 
2.30 
2.10 
Blood from the subject was centrifuged at 800 g for 5 minutes and the super- 
natant plasma discarded. The packed cells were then washed  twice with me- 
dium,  resuspended  in  medium  to  make  an  approximately  10  per  cent  cell 
suspension, and the experiment carried out as before. The results summarized 
in Table III show that washing had but small effect on K  transport in S-S or 
normal cells in 02  or N~.  (The  experiments on  S-S cells in N2 were done be- 
tween  2  and  8  hours  after  deoxygenation when  K  metabolism was  approxi- 
mately in the steady state; i.e., influx equalled outflux.) Both net K  loss with D. C. TOSTESON,  E. CARLSEN,  AND  E. T.  DUNHAM  39 
acceleration of K  influx and outflux, and sickling occurred to about the same 
extent in deoxygenated S-S red cells irrespective of the presence or absence of 
plasma. Plasma did not appear to be essential for transport of K  into and out 
of S-S  or normal  human  red  cells,  when  the  external K  concentration was 
about 5 raM/liter or more. 
(b) The gffed of Prevention of Sickling on K  transport in Anoxic S-S Calls.- 
Acidity is known to favor sickling of S-S red cells in N~,  whereas alkalinity 
inhibits the process (13). Table IV illustrates this fact in one of our subjects, 
and further shows that net K  loss, outflux and to some extent influx also de- 
creased with increasing pH. The sum of (K)o and (Na), decreased as the sus- 
pension was made more acid. This behavior does not occur in normal red ceils 
Time after 
equilibration 
with NI 
hrs. 
1.0  ca. 7.25 
2.5  7.20 
1.5  7.44 
3.0  ca. 7.40 
1.2  7.57 
2.6  ca. 7.58 
1.5  7.98 
2.7  7.94 
Morphology 
pH  Per  Per : Per 
cent  c~t  c~t 
N 
0  30  70 
0  10  90 
14  0  86 
14  0  86 
70  7  23 
70  6  24 
TABLE IV 
(ect of pH on K  Transport in S-S Red Cells 
K influx  K outflux 
mM 
(liters RBC) X  (hrs.) 
8.39 
5.60 
7.09 
5.55 
6.00 
6.15 
4.71 
3.84 
Z((Nah + (Z)J 
m.eq, 
Kg. H~) 
20.4  138 
8.60 
11.3  156 
8.00 
12.2 
8.35 
5.40 
3.74 
Lactate 
production 
~M 
(l~ers  RBC) 
X (b,s. 
8.0 
7.3 
166  I0.6 
180  13.4 
(14). Glycolysis was inhibited at the lower pH, as has been shown frequently 
by others (15). 
It has previously been shown that carbon monoxide prevents both sickling 
and net K  loss  in  deoxygenated S-S cells  (2). In a  recent experiment using 
K a, we found that CO also prevents acceleration of unidirectional K  fluxes in 
this cell system. 
(c) Tke Effect of Reversal of Sickling on K  Transport.--Fig. 3 shows that the 
loss of K  by deoxygenated (sickled) S-S red cells can be stopped and partially 
reversed by reoxygenation with reconversion to biconcave disk shape. The net 
gain of K  by the cells after reexposure to 02 was largely due to reduction in 
K  outflux. This reversal of sickling and K  transport could be induced  even 
after the cells had been slckled for 24 hours. In  one experiment in  which  the 
cells were presickled at pH 7.2 instead of the usual  7.6,  reoxygenation failed 40  EFFECTS  OF  SICKLING  ON  ION  TRANSPORT.  I 
to stop or reverse the  rapid  net  loss  or  reduce  the  high K  outflux,  despite 
almost complete reversal of sickling. 
(d)  The Effect of Age of Cells on K  Transport.--It  is known that S-S cells 
are rapidly and randomly destroyed in vivo. After the initial tagging  period, 
the concentration of N '6 glycine--labelled cells in the circulating blood can be 
expressed as a  double exponential function of time, the smaller rapid compo- 
nent having a half-time of 7 days, the larger slower component one of 29 days 
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influx,  in (liters RBC) ×  (hours)" At time 0 equilibration with 95 per cent N2:5 per 
cent CO2 was begun,  while at 3.5  hours  the cells were  reequilibrated with 95  per 
cent 02:5 per cent CO2. 
(16). In order to examine the possibility that the profound changes in K  me- 
tabolism produced by deoxygenation of S-S red cells were due to the youth of 
the cell population, experiments were done on blood from two patients with 
congenital hemolytic icterus. Despite reticulocytosis comparable to that ob- 
served in our patients with sickle cell anemia, the red cells of these patients 
did not show accelerated K  fluxes when incubated in N~ rather than O2 (Ta- 
ble V). We also studied the effect of N2 on K  transport in S-S blood in which 
reticulocytosis was inhibited by keeping patients in a  tent breathing 50 per 
cent O~ for 1 to 2 weeks prior to the experiment (17). The results, also sum- D.  C.  TOSTESON~ E.  CARLSEN~ AND E.  T.  DUNHAM  41 
marized in Table V, show that exposure of S-S ceils to N2 with production of 
sickling caused net K loss with accelerated  K fluxes in the presence of many 
or a few reticulocytes.  It is noteworthy that there was no correlation between 
degree of reticulocytosis  and the rate of lactate production or the magnitude 
of the Pasteur effect. 
TABLE V 
Relation  of Age of Cells to K  Transport 
Subject 
S-S--S.JA. 
¢4  44 
4~  4¢ 
S-S--V.R. 
44  4¢ 
¢¢  ,f~ 
¢4  44 
4¢  4¢ 
44  ¢4 
,f4  ¢4 
CHI--S.A. 
¢¢  44 
CHI--EB 
¢4  4~ 
Gas phase 
per cent 
95 02: 5 CO2 
95 N~:5 CO2 
95 02:5 CO2 
95 N2:5 CO2 
95 02:5 CO2 
95 N2:5 CO~ 
(¢  4¢ 
95 O~:5 CO2 
95 N2:5 CO~ 
4¢  44 
95 O~:5 CO2 
95 N~: 5 CO2 
95 O~:5 CO~ 
95 N2:5 CO~ 
Reticulocytes 
of total RBC 
per  ceffat 
16 
16 
2.1 
2.1 
11 
11 
8.6 
3.7 
4.2 
4.2 
22 
7.7 
17 
17 
Lactate production 
~M 
(liters RBC) X (hrs.) 
3.3 
31.9 
2.0 
12.4 
9.4 
15.7 
7.7 
16.6 
13.5 
13.6 
11 
11 
3.9 
3.1 
4.4 
9.8 
K  flux 
~M 
(liters RBC) X (hrs.) 
2.73 
7.35 
2.84 
4.00 
2.35 
4.09 
5.72 
5.46 
2.39 
5.11 
6.77 
5.47 
2.44 
1.75 
2.48 
2.71 
(4) The Relat4~m of the Cell Surface vs. the Cell Interior to K  Transport in Sick- 
led Calls.- 
Hemoglobin  solutions  were  prepared  from cells washed  twice  in  high K 
Ringer's solution. The packed cells were hemolyzed by freeze-thawing and the 
stroma removed  by centrifugation after addition of a  trace of diatomaceous 
silica. 15 ml. of the resultant dear concentrated hemoglobin solution was then 
equilibrated with either 95 per cent 02:5 per cent CO9. or 95 per cent N2:5 per 
cent CO2, placed  in a  cellophane bag, and dialyzed against 400 ml. Ringer's 
solution in the same gas phase.  In all instances,  with hemoglobin made from 
S-S or normal cells in O~ or N~, K  came  to Donnan equilibrium  across  the 
cellophane  dialysis membrane  within  24  hours  (Fig.  4).  The  approach  to 
equilibrium was somewhat slower in the viscous, paracrystalline reduced sickle 
hemoglobin system. This reduced rate may have been due to the phase hereto- 42  EFFECTS  OF  SICKLING  ON  ION  TRANSPORT.  I 
geneity since a similar reduction was noted when K  was allowed to diffuse out 
of a  cellophane bag containing a  hemolysate of normal cells with stroma not 
removed. However, even in  this latter  case, K  came  to  Donnan  equilibrium 
within 24 hours. 
(5) Characterization of Physicochemical Processes Responsible for K  Transport 
in S-S Cells.-- 
(a) Effect of Varying the K  Concentration in the Medi/um.--The lower curve 
in Fig.  5  shows that when S-S cells were disk-shaped K  influx was virtually 
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FIG.  4.  Loss  of  K  from  concentrated  hemoglobin  solutions.  The  above graph 
shows the ratio of K concentration in the dialysis  bag to the K concentration in the 
Ringer's solution outside the bag on the ordinate as a function of time on the abscissa. 
Open and filled circles indicate normal hemoglobin and open and filled squares indi- 
cate sickle hemoglobin.  Solid symbols are in N~, open in 02. 
independent  of the concentration of potassium in the medium  ((K)~, in raM/ 
kg. H20)  when  the latter was greater than  ca.  5  mM/liter.  This  behavior  is 
also characteristic of normal human red cells incubated in N2 or 02,  and has 
been interpreted (10,  12)  to indicate that K  moves into such cells in combina- 
tion with a  carrier which is saturated at high  (K)~. However, when S-S cells 
were  in  the  sickled  form,  elevation  of  (K)~ markedly accelerated K  influx. 
Results similar to those shown in Fig. 5 for one subject with  sickle cell anemia 
were found  in  seventeen experiments on five subjects  with  the  disease.  The 
same results were obtained no matter whether the K  concentration was varied 
by replacing Na in the medium, or by replacing  choline at a  constant  (Na), 
of 80 raM/liter. D.  C.  TOSTESON~ g.  CARLSEN~ AND  ~.  T.  DLrNIIA~  43 
K  outflux was not related in a simple way to the concentration of K  in  ceUs 
((K), in mu/kg. H~O) in siclded S-S red ceils. Interpretation is difficult because 
out.flux varied with time after exposure to N=,  and late in some experiments 
K  outflux did become roughly proportional to  (K)~.  Because of the fact  that 
(K)~ did not decrease in S-S red cells in O~ (or in normal human red cells in 
O~ or N~ under these conditions), the relation between outflux and  (K), was 
not studied in these  systems. 
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Fzo. 5.  Effect of elevated external K concentration. The above graph s,,mmarizes 
experiments done at 37°C. on the red cells of subject V.R.  On the ordinate is  ~PJr, 
m~¢ K 
influx,  in (liters RBC) X (hours)'  expressed  as  a  function of  (K).,,  the concentra- 
m~r 
tion of K  in the medium in ~  on the ordinate, x indicates  those  experiments 
done in 95 per cent N2:5 per cent COs, open circle, those  done in 95 per cent O=:5 
per cent CO=. 
(b) Tke Effect of Varying Temperature.--The  rate constants  (defined as fol- 
i  o 
lows: *k, the inward rate constant,  -  (~-~,, and °k, the outward rate constant, 
°o 
--  (K),-----)  of K  transport into and  out  of oxygenated and  deoxygenated red 
cells of one subject with S-S were determined at three different temperatures 
(2, 25, 37°C.). Similar experiments were done at two temperatures (2, 37°C.) 
on an additional patient with S-S and on one normal subject. The top half of 
Fig. 6 shows that the apparent activation energy for the inward transport of 
K  was about the same in S-S red cells in 02 or N~. The values above may be 44  EFFECTS  OF  SICKLING ON  ION  TRANSPORT.  I 
compared to the figure 12,300 ±  1300 cal./tool, obtained by Solomon (12) for 
normal human red cells,  which we confirmed. Outward transport of K  in S-S 
red  cells had  an  apparent  activation  energy which  is  probably not  signifi- 
cantly different from the value for inward  transport (bottom half of Fig. 6), 
which was the same in 02 and N, at temperatures between 25 and 37°C., but 
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:FIG. 6.  Apparent activation energy for K  transport in S--S red ceils. The above 
graphs summarize experiments done on subject S.J. On both, solid triangle indicates 
experiments done in 95 per cent N2:5 per cent CO2, open circle, those done in 95 per 
cent O~:S per cent CO2. In the upper graph In~k the natural logarithm of the inward 
K  rate constant, defined as  s0/  (K)= in  (hours) -1,  is plotted on the ordinate as a 
function of 1/T, the reciprocal of the absolute temperature in 10  -3 (°A)-l. In the lower 
Op 
graph In °k, the natural logarithm of the outward K rate constant, defined as  (K)~' 
is plotted on the ordinate as a function of 1/T on the abscissa. 
which decreased at low temperatures for the cells in O9 only. This decrease in 
apparent activation energy for the outward K  transport process at low tem- 
peratures has  also  been observed in  normal  cells  (10). When  S-S cells were 
sickled by exposure to N~ at  37  °,  and  then cooled, influx and  outflux were 
higher than when oxygenated cells were equilibrated with N2 in the cold. In 
the latter case, sickling developed only very slowly. 
(c) Chloride Distribution  Ratio and Approximate Exchange Rate between S-S 
Cells and Medium.--In  order to obtain an estimate of the electrical potential D.  C.  TOSTESON,  ~..  CARLSEN,  AND  E.  T.  DUNIIA~  45 
difference (see Discussion) across the S-S cell membrane, the ratio of medium 
to cell chloride concentration was measured. Experiments with C13s indicated 
that  isotopic equilibrium  between  both  siclded and  unsickled  S-S  ceils and 
medium was achieved in less than 1 to 2 minutes after adding the isotope to 
the cell suspension. It has long been known (18) and recently confirmed with 
CI  8°  (19),  that  chloride penetrates  the normal  red cell with  comparable ex- 
treme rapidity. 
0.9 
0.8 
0.6 
re! 
0.4 
0.2 
•  ~  I  I  I  i  ] 
0  0 O  ~~~@  0 
I  I  I  I  I  I 
7.0  7.2  7.4  7.6  7.8  8.0  8.2 
pH 
Fzc. 7.  Chloride  concentration  ratio in S--S cells. The above graph  summarizes 
experiments done at 37°C. on the red cells of subject S.Jy. Open circles and squares 
represent experiments  done in 95 per cent 02:5 per cent CO2, the solid circles and 
(cl)o  squares, those done in 95 per cent N~:5 per cent COs. Circles denote (-~,  the ratio 
mxt  of chemically determined chloride concentration in cells to medium, both in  -- 
Kg.HsO" 
(Cl=)~  The squares  indicate ~,  the ratio of cell to medium concentration of CI  ~ each 
C.P.M.  expressed as ~.  Both ratios are plotted on the ordinate as a  function of pll 
on the abscissa. 
Despite  considerable  variation,  the  data  (Fig.  7)  show  that  the  chloride 
concentration ratio was  slightly higher in deoxygenated than in oxygenated 
S-S red cells.  However, the effect was small and probably can be accounted 
for by the shift in pK of hemoglobin in the acid direction when in the oxygen- 
ated as compared with reduced state. The line drawn in Fig. 7 is taken from 
Harris  and  Maizels  (14)  and  represents  the  ratio  of intra-  to  extraceUular 
mM 
chloride concentration (both expressed as -----H~O  )  as a  function of pH for  Kg. 
fresh oxygenated normal cells in saline and 3 m~ phosphate. If the net nega- 46  EFFECTS OF SICKLING ON ION TRANSPORT. I 
tive charge of intracellular sickle hemoglobin were three charges less per mol- 
ecule  than  for normal hemoglobin,  as suggested  by the  electrophoresis data 
(20),  the chloride concentration ratio for S-S cells should be about 0.1  higher 
than for normal cells. This does not appear to be the case. The discrepancy 
cannot  be accounted  for by differences  in  the  extracellular  non-penetrating 
anion concentration since our medium had,  if anything,  a  greater concentra- 
tion of such ions (mainly protein) than did that of Harris and Maizels. 
TABLE VI 
Glycolysis in Red Blood Cells 
Cell type 
Sickle cell anemia 
Sickle Hb-C disease 
Sickle cell trait 
Congenital hemolytic 
icterus 
Normal 
Gas phase 
per cent 
95 O2:5 COs 
95 Ns:5 COs 
95 Os: 5 CO2 
95 N,: 5 CO2 
95 Os:5 COs 
95 Ns:5 COs 
95 Os:5 COs 
95 Ns:5 COs 
95 Os:5 COs 
95 Ns:5 COs 
Glucose consumption 
mM 
(liters RBC)  X  (hrs.) 
3.17 s.E. 0.80 
5.19 s.E. 0.64 
Lactate production 
mM 
n  (liters RBC) X  (hrs.) 
9  7.18 s.~.. 1.20 
2  6.08* 
20  18.2 S.E. 1.72 
2 
2 
4 
2.38  3 
3.22  2 
2.92  2 
1.52 
10.7 * 
7.10 
8.81 
2  4.51 
4.94 
4.19 
6.38 
17  4.71 sy.. 0.40 
11  4.88 s.~. 0.28 
* These values were obtained by the method of Barker and Summerson (8). 
(d) The Relation of Glucose Consumption and Lactate Production to K  Trans- 
port.--Glucose consumption and lactate production were slightly higher in S-S 
than in normal red cells incubated in O9 (Table VI). Lactate production was 
not affected by removal of 02 in normal ceils, but both lactate production and 
to  a  lesser  extent  glucose consumption  were  increased  by this procedure  in 
S-S cells.  When  lactate production  was measured by the manometric proce- 
dure,  the number of moles of lactate produced  was always more than  twice 
the number of moles of glucose utilized.  This discrepancy was most marked 
for S-S cells in N2 and probably means that other compounds in addition  to 
lactate were measured by this procedure. When lactate production was meas- 
ured by the more specific Barker-Summerson method,  stimulation in N~ was D. C. TOSTESON, E. CARLSEN, AND  E. T. DUNHA.M  47 
still marked, though in this instance the ratio of moles of lactate produced  to 
glucose consumed was approximately two. Removal of glucose from the me- 
dium in which  the cells were suspended  resulted in a  marked reduction of 
glycolysis and K influx for S-S red cells incubated in N2 (Table VII). Outflux 
was unaffected so that net K loss proceeded more rapidly under these condi- 
tions. 
DISCUSSION 
It is apparent that S-S red cells lose net K in association with acceleration 
of both influx and outflux whenever they are transformed from biconcave  disk 
to sickle. In our experiments,  sickling was always induced by replacing  the 
oxygen in the reaction vessel with nitrogen.  Therefore,  in order to establish 
the relation between the observed changes in K transport and sickling, it was 
necessary  to prove experimentally (a)  that the altered K  transport was due 
to an effect of hypoxia on the cells and not on the diluted plasma in which 
TABLE VII 
Effect of Glucose on K  Transport in Sickled Cdls 
Glucose concentration 
mM 
Liters cell suspension 
20 
<0.2 
Lactate production 
(l/ters RBC)  X  (hrs.) 
15.2 
0.1 
I 
K influx  [  K outflux 
~nM 
(liras RBC) X  (hrs.) 
5.38  ]  5.38 
1.81  7.10 
they were suspended,  and (b)  that the pertinent cellular  event was sickling 
and not some other result of hypoxia. The first point was established unequiv- 
ocally by the persistence of both sickling and abnormal K transport in anoxic 
S-S  cells washed  free  of plasma.  The validity of the second point was sup- 
ported by the following lines of evidence. (1) Anoxia did not cause net K loss 
with accelerated  fluxes when sickling was prevented by working at pH 8.0 or 
in the presence of 30 per cent CO. (2) Reversal of sickling by exposing anoxic 
ceils to oxygen, reversed the abnormal K  transport. (3) The youth of the S-S 
cell population was shown to be an insufficient explanation for the effect of 
anoxia on K transport. 
In analyzing the results, it is important to know whether the S-S cell popu- 
lation is homogeneous with respect  to K metabolism.  That homogeneity does 
obtain for sickled cells is indicated by the facts that (1) duplicate analyses of 
packed cells usually checked within 2 per cent, and (2) the approach of sick- 
led cell specific activity to isotopic equilibrium  could be expressed as a single 
exponential  function of time in those experiments  in which K  transport ap- 
proached  the steady state. The latter would  not be likely to occur  if there 48  EFFECTS OF SICK.LING ON ION TRANSPORT. I 
were two or more sizable cell K  fractions differing in K  content and fluxes. 
That homogeneity does not hold for disk-shaped  S-S  cells or normal cells is 
suggested  by the consistent differences in K  content and transport between 
cells from the bottom and top of the centrifuge tube (see Methods). It should 
be emphasized  that the differences in K  metabolism between  these fractions 
of oxygenated disk-shaped  cells never exceeded  about 25  per  cent, far less 
than the 200 to 500 per cent difference between oxygenated and deoxygenated 
S-S cells. 
There is no evidence that the capacity of normal human red cells to selec- 
tively accumulate K depends on a specific affinity of intracellular hemoglobin 
for this ion. Therefore,  it is unlikely a  priori that alteration in the state of 
the hemoglobin  would cause K  loss. Furthermore, concentrated solutions  of 
sickle ferrohemoglobin actually lose K  through a cellophane membrane more 
slowly than similar solutions  of sickle oxyhemoglobin or normal hemoglobin. 
Thus, it is unlikely that paracrystailization of the hemoglobin  per se is  re- 
sponsible for the abnormal K  transport in sickled cells. Indeed, Ponder (21) 
has  shown  that rat  red  cells containing paracrystallized hemoglobin  retain 
considerable  K  even after suspension  in distilled  water for 2 hours at 4°C., 
suggesting that the change of state in the cell interior may actually retard K 
loss by reducing  the activity of intracellular K. It seems probable  that sick- 
ling affects  K  transport by distorting or otherwise  altering the cell surface 
rather than by changing the inside of the cell. 
This interpretation is consistent with the observation  that S-A cells fail to 
show accelerated  K fluxes or net K loss when in N2, since electron microscopy 
(22) has shown that the degree of spicule formation with increase in the sur- 
face to volume ratio is much greater in sickled S-S than in S-A cells. Unfor- 
tunately, electron microscopic estimates of the degree of surface distortion of 
sickled S-C cells are not available. 
We now inquire  into the physicochemical processes by which  siclding ac- 
celerates K  transport in S-S cells. It has been suggested  that K  both enters 
and leaves the normal human red cell in combination with a carrier molecule 
(12). The main evidence supporting this hypothesis includes (1) the capacity 
of the cells to maintain a  large concentration (and probably electrochemical 
activity, see below) gradient for K although there is constant exchange of the 
ion between cells and medium, (2) influx is a zero order process when (K)= is 
higher than 5 m~r/liter, and (3) both influx and outflux have a high apparent 
activation energy. K  transport in disk-shaped  S-S cells has similar character- 
istics,  and furthermore, is only slightly more rapid than in normal cells. It 
seems reasonable  to assume that the same carrier process is operative in both 
systems. 
When sickling occurs,  S-S  cells can no longer maintain the same  high K 
concentration gradient. One possible explanation for this phenomenon  is that D.  C.  TOSTESON,  F,.  CARLSEIV,  AND  E.  T.  DUN'HAM  49 
sickling opens aqueous pores in the cell membrane through which K can freely 
diffuse.  The roughly linear  dependence of K  influx  on  (K)~ over the range 
from (K),~ --  10 to 80 m~/liter is certainly consistent with this view. Also, 
the reduction of total cation content of sickled S-S cells with decreasing  of pH 
conforms with  the requirements  of the Donn~u  equilibrium  across a  mem- 
brane through which cations can diffuse. 
However, several facts indicate that  the effect of sickling  on K  transport 
cannot be entirely explained by the development of diffusion pathways. First, 
the concentrations of K  in sickled cell and external medium did not approach 
equality even after 48 hours, despite complete exchange  of cell with medium 
K  in less than 24 hours. Secondly,  the ratio of K  influx to outflux in the sick- 
led cell is not that which would be predicted for free diffusion.  Ussing  (23) 
has developed the following  equation for the ratio of influx  to out.flux of an 
ion moving across a  membrane only by diffusion  under the driving force of 
its electrochemical  potential gradient. 
9  o,,  (,F(E)~ 
-  =  --  exp.  .  (4) 
*p  ao  \  RT  / 
in which a is the chemical  activity of the ion in question, z, F, R, and T have 
their usual meaning, and g  is the membrane potential (+ when cell interior 
is electronegative to the outside).  In view of the results of the experiments 
with CP  s, it is probable that chloride is at thermodynamic equilibrium across 
the sickled cell membrane at all times during  the experiment. We may then 
write: 
=  -~  In (C1),~  (5) 
(c1), 
Substituting this expression into Equation 6 and assuming activity coefficients 
are equal, we obtain for the flux ratio for K  if it were moving only by free 
diffusion: 
~p  (K)~  (Cl),.  ¢/~  (Cl)., 
--  (K)---7 x  or,  =  (C )o  (6) 
The validity of this equation as applied to ion transport in red blood cells is 
supported by the fact that the observed rate constant ratio in normal human 
red cells which are undergoing rapid net K  loss (presumably by diffusion)  in 
the presence of z~butyl alcohol closely approximates the value predicted (24). 
Table VIII compares the measured values for the ratio of the inward to the 
outward  potassium  rate  constant  with  the  chloride  concentration  ratio  in 
sickled ceils. In every instance, the observed rate constant ratio exceeds that 
predicted by Equation 6. 
The  observed El  rate  constant  ratio  could represent  free diffusion  if  the 50  EFFECTS OF SICKLING ON ION TRANSPORT. I 
membrane potential were six/old higher than that predicted by the chloride 
ratio. In view of the high permeability of the S-S cell to chloride, this seems 
very unlikely. The observed K  rate constant ratio could also  correspond to 
free diffusion across the cell surface if the intracellular activity coefficient for 
K  was one-tenth of the extracellular value. In view of the change of state of 
the  intracellular  hemoglobin  this  hypothesis  does  not  seem  unreasonable. 
However, were it true, one would expect that the ratio of inward to outward 
rate constant for sodium would also be higher than that predicted by Equa- 
tion 6,  since it would be surprising if the activity coefficients of Na  and K 
were affected in opposite directions by the change of state in the cell interior. 
As will be shown in a  companion paper (25), the opposite is true. The ratio 
of inward  to outward sodium rate  constant  is actually threefold lower  than 
the predicted value.  Therefore, the most plausible  deduction from this flux 
TABLE VHI 
Ratio of Inward to Outward  K  Rate Constant  in Sickled  Cells 
Time  after 
equilibra- 
:ion with N~ 
krs. 
1.0 
2.5 
1.0 
3.0 
1.0 
3.5 
(K)c 
rcLeq, 
Kgg~ 
108 
109 
124 
126 
130 
127 
(K)~n 
m.eq. 
--  )  Kg H~O 
7.04 
7.36 
36.0 
37.8 
92.5 
91.2 
K  outflux  K  influx 
m.eq.  m.eq. 
liters RBC)  (liters RBC) 
X hrs.  X hrs. 
7.11  5.11 
5.24  4.34 
9.08  7.08 
5.56  4.26 
8.86  12.2 
9.80  11.9 
ok 
I 
hrs. 
0.066 
0.044 
0.073 
0.044 
0.068 
0.077 
'k 
1 
hrs. 
O. 726 
0.590 
0.193 
0.113 
0.132 
0.130 
ik 
11.0 
13.4 
2.65 
2.56 
1.94 
1.69 
(Cl)m 
(cD~ 
ca. 1.2 
1.26 
ca. 1.2 
ca. 1.2 
ca. 1.2 
ca. 1.2 
ratio analysis is that a large fraction of the K  is transported across the sickled 
cell surface by a  process other than free diffusion. 
It is possible, of course, that sickllng both opens pores for the free diffusion 
of K, and also accelerates a  carrier transport process. In order to obtain an 
approximate  quantitative  estimate  of the  relative  importance  of  these  two 
processes, we may write: 
%  =  p~ -t- p~,  (7) 
in which ip= is the total K  influx, Pc is the influx by carrier, and pa  the influx 
by diffusion. We will  further assume that influx by carrier is independent of 
the concentration of K  in the medium when the latter is over 5 mM/liter, and 
that  influx by diffusion is  a  linear function  of  (K),,  We  can  then  rewrite 
equation 7, 
•  e 
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Since total influx and (K),~ were measured in all experiments, it is necessary 
to know either D'x or po in order to completely solve the question. The solu- 
tion has been obtained in two ways. The first method is called the concentra- 
tion curve analysis in Table IX. In this case, both D'x and Po were estimated 
from a  graph expressing total influx as a  function of (K),, (e.g.  Fig. 4). D'K 
is equal to the slope and po the (K),, =  0 intercept of the linear part of this 
curve. The second method is referred to as the "flux ratio analysis" in Table 
VII. Here, it was assumed that the total outflux was by diffusion and D'x 
was  calculated  from the measured °k  and  chloride  concentration  ration  by 
Equation 6. The assumption that K  outflux is by diffusion is reasonable even 
for disk S-S and normal cells.  The case for carrier outflux rests on the high 
apparent activation energy of the process, a  fact which, per se,  does not ex- 
clude diffusion as the primary mechanism of transport. 
TABLE  IX 
Dual Carrler-Diffusion  Tkeory  of  K Transport 
p~  D~ 
Cell shspe  Carrier influx  Diffusion  influx rate constant 
rax/(~d~ers  RBC) X C/~s.)  llk~'s. 
Concentration  Flux ratio  Concentration  Flux ratio 
curve  curve 
Disk  1.70  1.21  0.020  0.026 
Sickle  3.45  3.32  0.084  0.072 
The values for D'~  and p,  (Table  IX)  obtained by these two essentially 
independent methods both yield the same general conclusions. First sickling 
increased the effective diffusion coefficient for K  in the cell surface three- to 
fourfold. Secondly, K  influx by carrier is increased two- to threefold by the 
shape change. 
The molecular details of the proposed carrier process for K  influx in sickled 
as well as in unsickled S-S cells and normal cells are completely unknown. In 
all these systems, the process has a  high apparent activation energy and de- 
pends on glucose metabolism. The greater Pasteur effect in S-S cells may be 
correlated with an increased turnover of carrier molecules in the anoxic sickled 
form. Furthermore, the remarkable increase in surface to volume ratio due to 
spicule formation during sictding could expose more carrier molecules to ex- 
ternal K  and decrease the length of the diffusion path of a  carrier-K complex 
in the cell membrane. 
The apparent activation energy for both inward and outward K  transport 
processes is approximately the same, 11,900 to 14,700  cal./tool., in unsickled 
and sickled cells incubated in a medium in which (K)  =  ca. 5 raM. Although 
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ward transport  is  the same carrier  process in  the two cases,  it is consistent 
with  that  view.  The  observed apparent  activation  energy  for  outward  K 
transport  in sickled cells is much higher  than  that usually observed for free 
aqueous diffusion,  4000 to 5000 cal./tool.,  but that  does not necessarily rule 
out the occurrence of diffusion  of K  along  its electrochemical  potential  gra- 
client in this system. Thus,  the rate of penetration  of the water-soluble sub- 
stance erythritol into human red cells, presumably by diffusion,  has a  Q10 of 
2.5 (26).  Furthermore, the activation energy for Na penetration into a  24 per 
cent cross-linked  ion exchange  resin  can  be as high  as 8560  cal./tool.  (27). 
Therefore, the temperature data neither support nor refute the dual diffusion- 
carrier interpretation formulated above. 
SUMMARY 
The conversion  of red cells of patients with sickle cell anemia (S-S) from bi- 
concave disk to sickle shape by removal of oxygen was found to increase  the 
fraction of medium trapped in cells packed by centrifugation from 0.036 (S.E. 
0.003)  to 0.106  (S.E. 0.004).  The fraction of water in the cells  (corrected for 
trapped medium) was not affected by this shape transformation.  Cation trans- 
port, however, was changed profoundly. S-S cells incubated in N2 rather than 
02 showed net K  loss with acceleration of both influx and outflux.  That  this 
change in K  transport was due to the process of sickling was indicated by (1) 
the persistence of the effect in the absence of plasma,  (2)  the absence of the 
effect in hypoxic S-S cells in which sickling was inhibited by alkali or carbon 
monoxide,  (3)  the reversal of the effect when sickling  was reversed by expo- 
sure to 02, and  (4)  the independence of the effect from such potentially im- 
portant factors as age of the cell population. The acceleration of K  transport 
by sickling  is  probably mediated by modification of the cell  surface rather 
than the cell interior since concentrated sickle hemoglobin solutions in O~ or 
N2 did not show selective affinity for K.  In molecular  terms,  the effect of 
sickling on K  transport can be explained  by presuming that the shape change 
(1) opens pathways for the free diffusion of K, and (2) accelerates K  transport 
by a  non-diffusion  carrier process.  The evidence for  the  former  mechanism 
included (a) dependence of K  influx into sickled cells on the concentration of 
K  in the medium, and (b) increase  in the total cation content of sickled  cells 
with  increasing  pH.  Observations  suggestive  of  a  carrier  process included 
(a)  the failure  of sickled cell K  concentration  to  become  equal  to external 
K  concentration even after 48 hours,  (b)  the deviation of the flux ratio from 
that characteristic of diffusion, and (c) the dependence of K influx on glycolysis. 
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